Abstract Coarse woody debris (CWD) represents a relatively stable habitat in many lakes with forested shorelines providing a living place for a wide range of species. The spatial complexity of CWD is recognized as an important factor promoting the abundance, diversity and productivity of littoral biota, mainly by providing shelters and moderating predator-prey interactions. However, little is as yet known on the response of different species to various levels of CWD complexity and the effects of the spatial arrangement of CWD on the connectivity between littoral populations. It is also unclear how CWD decay, which modifies the surface complexity of wood and the quality of food, affects the diversity of wood-associated species and trophic interactions. Further research is also needed to recognize the contribution of littoral wood to carbon sequestration and nutrient fluxes, considering factors affecting the CWD decay rate, such as wood species and environmental conditions. CWD resources are systematically depleted by shoreline development which leads to disruptions in the functioning of lake ecosystems. Attempts at restoring CWD habitat provided ambiguous effects on littoral species and therefore better understanding of the role of CWD in lake ecosystems is crucial to the development of successful restoration projects and effective management programmes.
Introduction
Coarse woody debris (CWD) originating from riparian trees represents a relatively stable habitat in many lakes with forested shorelines (Christensen et al., 1996; Guyette et al., 2002) . CWD is usually defined as logs (Fig. 1A ), large branches (Fig. 1B) , standing dead trees (snags) (Fig. 1C) ,chunks of wood (fragmented snags and logs), and coarse roots ( Fig. 1D ) (Harmon et al., 1986 ) with a diameter C10 cm and length C1 m (Francis & Schindler, 2006; Sass et al., 2006; DeBoom & Wahl, 2013) . However, smaller pieces with a diameter C5 cm or 0.5 m in length were also included in this category in some studies (Christensen et al., 1996; Glaz et al., 2009) .
Previously, the significance of CWD in the littoral zone was often neglected and poorly studied, as wood usually occupies relatively small patches in comparison to other common habitats, such as macrophytes. However, it has been shown that CWD increases the complexity of littoral zones and provides a living place for a wide range of biota (Newbrey et al., 2005; Smokorowski et al., 2006; Glaz et al., 2009) , as well as contributing to greater productivity of fish communities (Schindler et al., 2000; Sass et al., 2006) . Moreover, CWD as a large carbon sink can be important for carbon sequestration and nutrient fluxes in nearshore areas (Guyette et al., 2002) . The interest in CWD in lake ecology has increased in recent years, because it has been noticed that human pressure and shoreline development cause the systematic depletion of CWD stocks and, as a consequence, their loss decreases the abundance and diversity of some species (Sass et al., 2006; Brauns et al., 2011) , as well as entailing profound disruptions in lake food webs (Sass et al., 2006; Gaeta et al., 2014) . Currently, habitat loss and decreasing biodiversity, which subsequently disturb the functioning of the ecosystem and limit provisioning of services are the main challenges faced by contemporary ecology (Loreau et al., 2001; Dobson et al., 2006) . The recognition of the role of CWD in littoral zones and incorporation of such knowledge into more effective environmental management programmes could constrain the adverse effects of human pressure on lakes and improve our understanding of the functions of the ecosystem. Therefore, the present article reviews the contribution of CWD to the maintenance of habitat heterogeneity and biodiversity in the nearshore area of lakes, as well as its significance for cross-boundary nutrient cycling and productivity. I discuss natural and anthropogenic factors influencing input, turnover and distribution of CWD, and potential consequences of the alterations of CWD resources induced by human activity for lake ecosystems and their management. As many CWD functions in littoral zones are still not fully understood, I also highlight gaps in this field.
Dynamics of CWD in littoral zones
The natural mortality of riparian trees and their damage caused by wind are the main sources of CWD in waters (Harmon et al., 1986) . Considerable amounts of dead wood are produced due to natural ecosystem disturbances such as windthrows, occasional fires (Dale et al., 2001; Lindroth et al., 2009; Gennaretti et al., 2014) and increased mortality of trees caused by insect attacks and diseases (Harmon et al., 1986) , as well as beaver (Castor sp.) activity (France, 1997; Marburg et al., 2006) . Apart from natural agents, particularly logging associated with shoreline development can initially increase CWD inputs by introducing large amounts of debris into the littoral zone (Guyette & Cole, 1999; Glaz et al., 2009) ; however, over longer time periods it reduces the stocks of wood because of the loss of riparian trees (Christensen et al., 1996; Francis & Schindler, 2006) and terrestrial CWD, which is very often removed by landowners (Francis & Schindler, 2006; Marburg et al., 2006) .
At the lake scale, the stocks of CWD strongly depend on current local conditions, such as land use, density of riparian vegetation and forest type, but also represent a legacy of the long-term history of past disturbances, both human and natural. Thus, amounts of CWD can significantly vary among lakes, even if they are characterized by a similar degree of lakeshore development (Marburg et al., 2006; Francis & Schindler, 2006; Gennaretti et al., 2014) . For example, densities of CWD in undeveloped lakes without buildings at the shoreline ranged from 42 logs km -1 (Marburg et al., 2009 ) to 638 logs km -1 (Christensen et al., 1996) . Stocks of CWD in littoral zones of developed lakes ranged from 17 logs km -1 (Christensen et al., 1996) to 128 logs km -1 (Francis & Schindler, 2006) , whereas building densities at the shoreline were estimated at 12-25 and 15-47 houses per km -1 , respectively. Nevertheless, there are some common patterns of littoral CWD resources and their distribution. For instance, lakes surrounded by forest dominated by larger climax tree species, such as Douglas fir (Pseudotsuga menziesii Franco) and western red cedar (Thuja plicata Donn ex D.Don) can have less CWD than lakes with smaller riparian trees which are more susceptible to disturbances, such as windthrow and beaver activity (Francis & Schindler, 2006) . Amounts of CWD in the littoral zone are also positively correlated with the density of riparian trees (Christensen et al., 1996; Francis & Schindler, 2006) or riparian CWD available on lake shores (Marburg et al., 2006) . Such correlations are very often weaker at particular sites, because buoyant freshly fallen trees are relocated by wind, water currents or ice scour and form relatively stable clusters in parts of a lake that do not usually have high local inputs (Christensen et al., 1996; Guyette & Cole, 1999; Marburg et al., 2009) . Wood accumulates in characteristic locations for a given lake, mainly along shorelines exposed to prevailing winds and currents ( Fig. 2A) , and on moderate to steep slopes (Marburg et al., 2009 ). In lakes with steep sloped shorelines the densities of CWD are higher at deeper sites than in shallower bays (Mallory et al., 2000) . Greater accumulations of CWD in aquatic systems are also observed at the shores of islands or around retentive structures such as standing tree trunks and bridge abutments (Gurnell, 2003) (Fig. 2B) .
CWD in lakes is subjected to long-lasting transformation processes which can be measured in centuries (Guyette & Cole, 1999; Guyette et al., 2002; Gennaretti et al., 2014) . Few studies provided evaluations on the residence time of CWD in littoral zones. The persistence time of small twigs was estimated at about 5 years (France, 1997) , while the mean residence time of larger logs in some boreal undeveloped lakes ranged from 170 (Glaz et al., 2009 ) to 386 years (Gennaretti et al., 2014) . Little is as yet known on decomposition rates of CWD in lentic ecosystems and the time required for occurrence of different decay stages. Most of our knowledge on CWD degradation in waters is derived from streams. Large pieces of wood introduced to aquatic systems are disintegrated by water movements leading to their breakage and erosion of the external surface (Harmon et al., 1986) which exposes the fresh wood substrate beneath to microbial degradation (Ward & Aumen, 1986) . The initial breakdown of CWD in streams that weakens bark and wood tissue was evaluated at more than 3 years (Braccia & Batzer, 2008) , while erosion rates of wood surfaces were estimated at 0.5-11 mm year -1 (Ward & Aumen, 1986) . The physical fragmentation of CWD presumably progresses faster in flowing waters than in lakes where water dynamics are less intense. In both aquatic systems, the decomposition of CWD is highly Fig. 2 Distribution patterns of CWD in littoral zones. A Accumulations of logs on the shoreline exposed to prevailing winds, B Accumulations of CWD around jetty, C Fallen branched tree as a link between terrestrial and littoral zone accelerated by wood damage, such as ring shakes, because they allow the direct penetration of water and thus increase the availability of the wood to oxygen and organisms enhancing decay (Harmon et al., 1986; Guyette & Cole, 1999) . The decay rate of CWD is also affected by the properties of wood, such as size and tree species. Smaller branches are more susceptible to degradation, because they offer a higher surface area/ volume ratio supporting higher microbial activity and greater invertebrate density per unit surface area than larger logs (Collier & Smith, 2003; . In general, conifers are more resistant to decay because they contain twice as much recalcitrant lignin as deciduous trees (Melillo et al., 1983) and they also differ in the composition of lignin, which is formed from distinct alcohols (Weedon et al., 2009) . Moreover, decomposition of conifers can also be limited by the presence of non-structural phenolics such as those contained in resin (Harmon et al., 1986; Weedon et al., 2009) . Dense wood such as oak (Quercus robur L.), ash (Fraxinus nigra Marshall), or beech (Fagus sylvatica L.) decompose more slowly than less dense wood such as alder (Alnus glutinosa L. Gaertner), poplar (Populus sp.), or willow (Salix sp.) . In addition, tree species containing higher N concentrations, such as alder (Alnus rugosa Sprengel) or birch (Betula papyrifera Marshall), decompose faster than species with low N content, such as aspen (Populus tremuloides Michaux), because the presence of nutrients promotes growth of microorganisms causing the breakdown of wood (Melillo et al., 1983) .
Apart from physical degradation, CWD is subjected to microbial activity which systematically softens the wood, diminishes its volume (Harmon et al., 1986; Collier & Smith, 2003) and leads to increased production of fine organic matter (Ward & Aumen, 1986) . Our knowledge on the contribution of microbes to this process in lakes is also scarce. Previous studies conducted in streams have shown that the crucial role in wood degradation is played by fungi which possess unique enzymatic capabilities to digest refractory wood tissue (Harmon et al., 1986; Tank & Winterbourn, 1996) . CWD decomposition is also enhanced by bacteria. Some of them are capable of degrading lignocellulose ; however, they are mainly involved in the hydrolysis of organic phosphorus and nitrogen compounds (Scholz & Boon, 1993) . Microbial activity strongly depends on oxygen concentration in waters. Wave action and currents in the littoral zone usually provide sufficient amounts of oxygen to stimulate decay; however, this process can be limited when some parts of logs are immersed in water-saturated soils in the nearshore area or in sediments, where anaerobic conditions prevail. Thus, some CWD pieces can even persist in lakes for more than 1500 years and up to five millennia (Gennaretti et al., 2014) . The increase in water temperature also enhances microbial metabolism, but on the other hand it can contribute to the reduction of oxygen saturation in water, which slows down the decay process (Ward & Aumen, 1986; .
Wood degradation is also caused by feeding activities of many invertebrates. These include scrapers (e.g. mayflies, snails), which accelerate the mineralization of wood due to damaging its external surface by scraping the epixylon, and highly specialized xylophagous species, mining wood or directly feeding on its tissue, such as chironomids, caddisflies and elmids (Pereira et al., 1982) . The ecology of xylophages is poorly recognized and their contribution to CWD degradation was examined only in streams. According to previous studies, xylophages use their own enzymes to digest wooden tissue or they use for this purpose sequestered fungal enzymes or symbiotic bacteria and protozoans inhabiting their guts (Anderson et al., 1984; Steedman & Anderson, 1985; .
Effects of CWD on habitat heterogeneity
Much research underlines the role of CWD in the increasing habitat heterogeneity, which can have important implications for littoral biodiversity and lake food webs (e.g. Smokorowski et al., 2006; Sass et al., 2006a, b; Schneider & Winemiller, 2008) . Clusters of CWD obviously diversify the bottom topography and increase the heterogeneity of littoral zones. Several studies have demonstrated that the heterogeneity increases with increasing CWD density ( Fig. 2A ) (Schneider & Winemiller, 2008; Ahrenstorff et al., 2009) as well as at sites with branched submerged trees (Fig. 2C) . The branching complexity of CWD was quantified by a special index summing the number of branches present on the bole, which can vary in the littoral zone from 1 (simple logs) to 500 (complex logs) (Newbrey et al., 2005) . On the other hand, branched logs are typical for freshly fallen trees and branches are usually lost due to systematic breakdown of CWD in waters. However, progressing decay of CWD increases its complexity at the microscale, as the structure of initially firm and relatively smooth wood changes due to microbial activity that leads to the formation of many grooves, crevices and cracks on the CWD surface (Pereira et al., 1982; Harmon et al., 1986) (Fig. 1E, F) . Therefore, CWD in lakes can be assigned to different decay classes, as firm fresh wood, wood with loose or absent bark or wood with a clearly rotted surface (Smokorowski et al., 2006) . The combination of various threedimensional shapes of CWD with different degrees of wood decay provides a mosaic of habitats and a variety of shelters for lake biota that can support diverse wood-associated communities (Newbrey et al., 2005; Smokorowski et al., 2006) .
The presence of CWD can also influence the quality and availability of habitats due to modification of hydrodynamics and other environmental conditions in littoral zones. So far, it has been experimentally shown that tree roots and wood pieces provide a physical obstacle to water and dissipate turbulence caused in lakes by wave action, thus increasing the sheltering effect of CWD for invertebrates (Gabel et al., 2008) . CWD also increases the sedimentation of suspended particles and contributes to greater accumulation of organic matter in nearshore zones (Francis et al., 2007) . Similarly, decaying wood could also locally enhance the heterogeneity of the lake bottom by subsidizing it with coarse and fine sediments, as well as modifying oxygen conditions in the vicinity of CWD. Closely juxtaposed aerobic and anaerobic zones could support different groups of microorganisms, as well as diverse detritivores. However, the impact of CWD on the formation of bottom communities has not been previously examined in lakes.
Effects of CWD on the abundance and diversity of biota CWD, in contrast to ephemeral macrophytes, constitutes a stable and persistent substrate capable of maintaining numerous generations of biota (Guyette & Cole, 1999) . Fallen trees anchored at one end on the shoreline and having positive buoyancy in water can be colonized by terrestrial plants and animals, such as insects, mammals, reptiles and amphibians (Guyette & Cole, 1999) (Fig. 2C) . Moreover, newly introduced floating wood that is relocated by currents and waves (Marburg et al., 2009 ) may transport many species in the shore zone. Therefore, CWD may represent an important link between different habitats; however, these observations were not supported by any systematic studies.
The majority of research dealing with CWD in lakes emphasizes its significance as a habitat supporting abundant fish communities (e.g. Newbrey et al., 2005; Helmus & Sass, 2008; Schneider & Winemiller, 2008) . Many fish species such as Eurasian perch (Perca fluviatilis L.), roach (Rutilus rutilus L.) (Lewin et al., 2004) , yellow perch (Perca flavescens Mitchill), largemouth bass (Micropterus salmoides Lacepède) (Sass et al., 2006a; Helmus & Sass, 2008; Ahrenstorff et al., 2009; Lawson et al., 2011; Gaeta et al., 2014) , bluegill (Lepomis macrochirus Rafinesque) (Barwick et al., 2004) and brook charr (Salvelinus fontinalis Mitchill) (Biro et al., 2008) are associated with CWD in the littoral zone. They seek refuge in wood structures (Lewin et al., 2004; Sass et al., 2006a, b; Biro et al., 2008; Helmus & Sass, 2008) and food resources (Sass et al., 2006a (Sass et al., , 2012 . Moreover, some fish taxa, such as yellow perch (Sass et al., 2006a; Helmus & Sass, 2008) and largemouth bass (Lawson et al., 2011) are known to utilize CWD as a spawning habitat. The structure of fish communities is strongly affected by the spatial complexity of CWD. It has been shown that the abundance and diversity of fish are significantly higher in CWD than in open water habitat (Sass et al., 2006b) . Similarly, an increase in the fish abundance and species richness is observed in patches with a high density of CWD (Schneider & Winemiller, 2008) and among logs with a branching index higher than 45 (Newbrey et al., 2005) . Fish in areas with CWD exhibit a lower tendency to migration (Lewin et al., 2004; Ahrenstorff et al., 2009) , because wood provides shelters against predators and this particularly attracts juveniles and small-bodied species (Lewin et al., 2004; Sass et al., 2006a, b; Biro et al., 2008; Helmus & Sass, 2008) . Patches with high CWD densities also provide more abundant and diversified food resources for piscivorous and benthivorous fish than sites poor in wood (Sass et al., 2006a (Sass et al., , b, 2012 .
Wooden logs and tree roots also create a hard, stable platform for attachment which is available for colonization all year round by epixylon consisting of algae (Bowen et al., 1998; Vadeboncoeur et al., 2006) , as well as rich invertebrate communities (Smokorowski et al., 2006; Glaz et al., 2009; Brauns et al., 2011) . Invertebrates are usually facultative users of CWD (France, 1997) and, according to experimental studies, they utilize wood as a place for oviposition, pupation, case-building and emergence (Anderson et al., 1984) , as well as refuge (Everett & Ruiz, 1993; Czarnecka et al., 2014) and source of food (Eggert & Wallace, 2007) . Wood-associated invertebrates also benefit from the spatial complexity of CWD, as their densities are usually significantly greater on wood than on adjacent sediments (Lewin et al., 2004; Smokorowski et al., 2006) . They are also more numerous and diverse at sites with high wood abundances (Schneider & Winemiller, 2008) . However, it is not clear if invertebrate communities respond more to the mesoscale complexity of CWD or whether their structure is rather determined by differences in the microstructure of the wood surface. Several experiments have demonstrated that decayed CWD with pits and grooves can be particularly favourable for these small-bodied organisms, because in comparison to firm fresh wood it offers greater availability of shelters protecting against predators with different body size (Czarnecka et al., 2014) and rich food resources, such as epixylic biofilm (Bowen et al., 1998) and fine particulate organic matter accumulated on the rugged surface (O'Connor, 1991) . Results obtained from lakes also demonstrate that various forms of natural CWD can produce variable effects on the structure of wood-associated communities. Abundances and diversities of invertebrates as well as chlorophyll a concentrations on littoral wood with loose bark and wood with a clearly rotted surface are significantly higher than on fresh wood (Smokorowski et al., 2006) . The interacting effects of increasing habitat complexity, as well as changes in the quality of food resources with progressing decay of CWD can also induce successional shifts in the composition of epixylic communities, as has been shown in streams (Golladay & Webster, 1998; Collier & Halliday, 2000) . Usually, highly degraded wood supports more species specifically associated with CWD, such as xylophages, which benefit from greater availability of wooden tissue and nutrients released during decomposition (Anderson et al., 1984) . Although no detailed research in lakes has been made, an experimental study by Bowen et al. (1998) has revealed the domination of collectors and scrapers (Chironomidae, Oligochaeta and Heptageniidae \ Ephemeroptera [), as well as high densities of predators (mainly Polycentropodidae \ Trichoptera [) on fresh wood with abundant biofilm cover, while with advancing decay of the wood, an increase in numbers of xylophagous Elmidae (Coleoptera) and Stenochironomus sp. was noted (Bowen et al., 1998) . Xylophages recorded in other studies were represented in lakes by the caddisfly genus Lype sp. (Psychomyiidae) (Brauns et al., 2007 (Brauns et al., , 2011 and wood-mining chironomids: Glyptotendipes sp. and Dicrotendipes sp. (Czarnecka et al., 2014) ; they colonized CWD in different decay status. Typically, CWD is also inhabited by fungi and bacteria, which can comprise even up to 90% of the microbial biomass colonizing wood Tank & Winterbourn, 1996) . Although these wood-specific species determine the peculiarity of epixylic communities and play an essential role in CWD degradation and nutrient cycling in the littoral zone, our knowledge on their taxonomic composition and contribution to the diversity of epixylon is scarce.
Some studies indicated that environmental conditions could also contribute to the variability of woodassociated communities. For instance, it has been shown that differences in the concentration of nutrients (N and P) in lake waters affect the abundance of epixylic algae (Vadeboncoeur & Lodge, 2000) . Moreover, algal biomass usually decreases with increasing depth and, as a consequence, the abundance, number of taxa and diversity of invertebrates on CWD at deeper sites ([1 m) is also significantly lower (Glaz et al., 2009) . Epixylic communities are also subjected to seasonal changes. The abundance of algae is highest in spring and declines in summer, probably due to algal senescence and intense grazing by invertebrates, whereas densities and species richness of invertebrates is two-fold greater in autumn than in spring and summer, when in temperate zones the peak of emergence of many insects is noted (Glaz et al., 2009) . Similarly, the structure of littoral fish communities using CWD habitat may be affected by seasons, but this issue has not been previously examined. Nevertheless, the recognition of the variability in the abundance and diversity of fish in CWD between different seasons could be helpful in the determination of the significance of wood for this biota in periods preceding the development of macrophytes.
Nutrient cycling and productivity in CWD habitat
CWD in aquatic systems represents a cross-boundary subsidy and a large pool of nutrients (Harmon et al., 1986; Ward & Aumen, 1986) ; however, there has been surprisingly little interest in examining the significance of CWD to nutrient cycling in lakes. Few studies considered the potential contribution of CWD to carbon sequestration, as wood is primarily a carbon source and sink. The mean time from carbon assimilation by a living tree to carbon loss by littoral wood was estimated at 362-443 years. This is about 9-80 times greater than in terrestrial environments, because degradation of wood in water is limited by lower oxygen concentrations (Guyette & Cole, 1999; Guyette et al., 2002) . Therefore, based on a study conducted in Ontario, it has been argued that even though littoral zones constitute 1.3% of the total basin area, they may sequester carbon more than six times longer than the landscape as a whole (Guyette et al., 2002) . On the other hand, another study has shown that the contribution of CWD to carbon sequestration is negligible, as amounts of carbon stored in littoral CWD represented less than 0.05% of the total amount of carbon sequestered in boreal forest on a per area basis, despite the fact that lakes occupied 25% of the studied area and the mean residence time of pieces of CWD was estimated at 535 years (Gennaretti et al., 2014) . Therefore, considering regional differences and complex interactions among CWD stocks and factors affecting their decay rate, such as wood species and environmental conditions, more systematic studies are still needed to clarify the relationships between carbon sequestration and lake CWD.
Little is known either about food web interactions in the littoral CWD, particularly in respect of the susceptibility of wood to degradation, which determines the complexity of this habitat and availability of food resources. Studies conducted in streams have shown that fresh wood is poor in nutrients such as N, P, and K; however, as decay proceeds, their concentrations significantly increase due to microbial respiration. The nitrogen content can also increase via N fixation, which is performed in decaying wood by microbes with active nitrogenase, such as obligate anaerobes genus Klebsiella and Enterobacter (Harmon et al., 1986) . Epixylic fungi and bacteria derive certain amounts of N and P directly from wood (Tank & Dodds, 2003) , whereas algae benefit from carbon released during degradation of wooden tissue . Nutrients liberated from CWD can also be directly used by epixylic invertebrates, including facultative xylophages Steedman & Anderson, 1985; Harmon et al., 1986) ; however, invertebrate consumers are mostly subsidized by biomass produced by epixylic biofilm. Some experiments have shown that wood biofilm was readily assimilated by consumers, and its abundance (particularly in terms of algae) was negatively correlated with invertebrate numbers Eggert & Wallace, 2007) . In lakes such correlations between chlorophyll a content and grazer densities on CWD were not found (Smokorowski et al., 2006; Glaz et al., 2009 ), but a seasonal decline in chlorophyll concentrations reported in summer by Glaz et al. (2009) may suggest that invertebrates fed on algae. Other experiments have revealed that macroinvertebrates also feed on epixylic bacteria and fungi (Eggert & Wallace, 2007) , and extracellular polysaccharides produced by bacteria can be an important source of carbon for detritivores Couch & Meyer, 1992) , which are otherwise subsidized by organic matter originating from decaying wood (Ward & Aumen, 1986) or accumulated on CWD due to water movements and increased sedimentation (O'Connor, 1991) .
More is known about the contribution of woodassociated communities to the productivity of the littoral zone. Vadeboncoeur & Lodge (2000) and Vadeboncoeur et al. (2006) compared the area-specific algal production on CWD and littoral sediments and estimated that the former is 5-10 times lower than that observed in algal communities living on the sediment surface (epipelon). Moreover, the chlorophyll content (mg m -2 ) on CWD is 5-100 times lower than that recorded for lake sediments. The primary production of epixylon is probably limited by the inability of epixylic algae to derive N and P directly from wood, in contrast to epipelon, which colonizes sediments rich in nutrients. Contrary to primary producers, the areaspecific productivity of invertebrates (mg m -2 ) is significantly greater on CWD than on adjacent sediments (Smokorowski et al., 2006) , probably due to increased habitat complexity and greater availability of shelters on CWD (Everett & Ruiz, 1993; Czarnecka et al., 2014) . Similarly, a 30-50% higher biomass of invertebrates is also recorded on more complex decayed CWD than on fresh wood (Smokorowski et al., 2006; Czarnecka et al., 2014) . However, the extrapolation of the results obtained to a whole-lake scale shows that the contribution of epixylic algae and invertebrates to benthic production is rather locally important, as CWD in the littoral zone occupies a relatively small area in comparison to open sediments (Smokorowski et al., 2006; Vadeboncoeur et al., 2006) .
The presence of CWD is more relevant to the productivity and growth of littoral fish, which are positively influenced by the spatial complexity of this habitat (Schindler et al., 2000; Sass et al., 2006a; Gaeta et al., 2014) . In general, complex CWD structures increase the survivorship of fish by providing spawning habitats and abundant food resources (Sass et al., 2006a) , as well as stabilizing predator-prey interactions by causing visual interference that prevents predators from seeing potential prey (Everett & Ruiz, 1993; Sass et al., 2006b) . However, the behavioural responses of predators and their prey to the complexity of CWD habitat are species-specific (Everett & Ruiz, 1993; DeBoom & Wahl, 2013) . For instance, at increased density or branching complexity of CWD, high foraging efficiencies and growth rates are exhibited by ambush predators, such as muskellunge (Esox masquinongy Mitchill), and predators with flexible feeding behaviour, such as largemouth bass, which are able to change their foraging strategy from cruising to sit-and-wait and thus maintain high consumption rates at a reduced activity (Ahrenstorff et al., 2009; DeBoom & Wahl, 2013) . On the other hand, the vulnerability of prey species can also change at different levels of CWD complexity due to modification of their avoidance behaviour. It has been experimentally shown that some fish such as golden shiners (Notemigonus crysoleucas Mitchill) increase the number of independent shoals and isolated individuals in complex branched logs and thus become more vulnerable to bass predation, whereas other species such as bluegill show such behaviour at low and moderate CWD complexity (DeBoom & Wahl, 2013) . The presence of CWD also influences the susceptibility of invertebrate prey to fish predation and the foraging success is dependent on the predator species (Everett & Ruiz, 1993) . The effects of CWD microstructure on the interactions between invertebrates and predatory fish are more complex and represent a trade-off between different prey density and varied availability of refuge on fresh and decayed wood, as well as species-specific abilities of invertebrates to find shelter in CWD (Czarnecka et al., 2014) . Therefore, different levels of CWD complexity combined with species-specific traits of predatory fish and their prey could lead to a more diversified use of prey resources and can exert multiple effects on predatorprey interactions and the lake food web.
Human impact on CWD resources
In recent years, a systematic decline in CWD stocks in lakes has been observed, mainly due to shoreline development (Christensen et al., 1996; Francis & Schindler, 2006; Marburg et al., 2006) , which often includes deforestation and thus disturbs the inflow of CWD to the aquatic environment (Guyette et al., 2002; Francis & Schindler, 2006; Marburg et al., 2006) . CWD is also intentionally removed from lakes, because it is often considered as an obstacle for navigation and recreational activity (Jennings et al., 2003; Marburg et al., 2006) . Moreover, residents may affect the CWD turnover due to modification of the structure of riparian forests as well as the size distribution of terrestrial CWD, because they preferentially leave larger riparian trees on lakeshore properties for aesthetic purposes and introduce nonnative, ornamental species which differ in litterfall patterns in comparison to native trees (Francis & Schindler, 2006) . The direct loss of littoral CWD can also be caused by climate-driven changes, as has been shown in an oligotrophic Wisconsin lake, where a multiyear drought drastically declined the water level (over 1.1 m). As a consequence, more than 75% of the previously submerged CWD in the littoral zone was stranded above the waterline and lost for fish and prey production (Gaeta et al., 2014) .
So far, the effects of CWD loss on the abundance and diversity of littoral communities and on lake food webs have been documented by several studies. The decrease in CWD stocks had the most severe implications for fish, resulting in their significantly lower growth rate (Schindler et al., 2000; Ahrenstorff et al., 2009; Gaeta et al., 2014) , as well as contributing to the collapse of some fish populations (Gaeta et al., 2014) . The experimental removal of 70% of littoral wood from a small oligotrophic lake revealed the mechanism of such changes. Within 2 years after the manipulation, a significant decline in the dominant yellow perch population was observed, resulting from the loss of spawning and refuge habitat. The decrease in the perch abundance induced profound alterations in the whole-lake food web, as the diet of a top piscivore, the largemouth bass, which previously preyed upon perch, shifted towards less energetically favourable terrestrial prey, benthic invertebrates and smaller fish prey. Thus, this inhibited the growth rate of bass (Sass et al., 2006a; Helmus & Sass, 2008) . The lower growth of this species is also caused by changes in its behaviour, as bass in areas poor in wood exhibit more cost-effective active searching and lower consumption rates (Ahrenstorff et al., 2009 ). It should be emphasized that the response of fish to the absence or decreased density/complexity of CWD is speciesspecific (DeBoom & Wahl, 2013) ; therefore more detailed studies with different fish species are needed to clarify the potential effects of changes in CWD resources on fish communities. There is also a need to define a threshold at which the loss of CWD stocks or decreased CWD complexity negatively affects fish assemblages. Moreover, it should be considered that the impact of decreased CWD resources on littoral fish can be masked by other factors, such as fishing, harvest, the presence/absence of macrophytes, lake productivity and food web complexity (Roth et al., 2007) .
The effects of CWD loss on epixylic communities are ambiguous. For instance, the extensive, wholelake removal of CWD did not significantly influence the abundance, diversity and biomass of resident macroinvertebrates, at least in the short term, probably due to a relatively small proportion of removed biota from the nearshore area (Smokorowski et al., 2006; Helmus & Sass, 2008) . The removal of CWD did not result either in a significant decrease in the biomass of benthic algae (Smokorowski et al., 2006) . On the other hand, in zones poor in CWD the lower abundance and diversity of macroinvertebrates has been observed in the fish diet (Sass et al., 2006a (Sass et al., , 2012 . Another study also suggested the deterioration of food and habitat conditions for benthic detritivores in the littoral zone with low CWD densities, as sediments rich in organic matter were moved into deeper parts of a lake (Francis et al., 2007) . The adverse impact of the decreased CWD stocks on invertebrates could be intensified in combination with the removal of riparian trees (Brauns et al. 2007 (Brauns et al. , 2011 . Their depletion leads to the disruption of the link between the lake and the riparian zone, reduces inputs of coarse organic matter (Francis et al., 2007) and enhances inflows of fine sediments to lakes (Jennings et al., 2003) . This results in lower macroinvertebrate consumer richness and food web complexity in developed lakes, due to loss of or decline in some functional groups such as shredders and xylophages, and may disturb detrital energy pathways and organic matter transformation in the littoral zone (Brauns et al., 2007; Francis et al., 2007; Brauns et al., 2011) .
Changes in the CWD input and its temporal dynamics induced by human activity can also alter nutrient cycling and carbon sequestration in lake ecosystems, but effects of such anthropogenic impact on littoral food webs are largely unknown (Guyette et al., 2002) . The global warming scenario assumes an increase in mean water temperatures that can enhance microbial activity and accelerate decomposition rates of organic matter in aquatic environments . On the other hand, natural events that affected CWD inputs to the aquatic environment have previously been episodic and relatively seldom, but in the last decades, an intensification of such phenomena has been observed. Climate change has increased the frequency, intensity and duration of fire, drought, windstorms, insect and pathogen outbreaks in forests (Dale et al., 2001; Lindroth et al., 2009) . Such extreme events produce enormous amounts of debris; however, little is as yet known about how they affect the CWD stocks and nutrient fluxes in aquatic systems.
Implications for conservation and management
As the presence of CWD in the littoral zone underpins many ecosystem functions (Table 1) , its loss can have severe consequences for the biodiversity of littoral communities and food webs, particularly in oligotrophic or highly eutrophic lakes, where macrophytes are generally scarce. The recovery of CWD resources is a long-lasting process, because the natural recruitment rate of CWD is very low. Christensen et al. (1996) estimated that in temperate lakes lost CWD could be replaced only after 200 years, given the input rate at 2.52 logs ha -1 year -1 and conservative assumptions of no decomposition and a 10 m width of riparian forest contribution to CWD inputs. Hence, CWD stocks could be recovered by the intentional introduction of wood to the littoral zone. Particularly beneficial could be provision of greater densities of CWD or branched logs, which usually support abundant and diverse communities (Newbrey et al., 2005; Schneider & Winemiller, 2008) . In lakes such solutions are hardly used and, so far, there has been surprisingly little interest in a more systematic examination of the colonization pattern of CWD by woodassociated communities in lake ecosystems. Nevertheless, some results suggest that positive changes in the structure of littoral populations could be observed only after a longer period following CWD introduction, which is actually difficult to define. Sass et al. (2012) have demonstrated that the whole-lake provision of CWD had no significant influence on the fish abundance, their size-structure and growth within four years of observations, even though the diversity of macroinvertebrate prey increased. Also Bowen et al. (1998) observed that even after a 1-year colonization time of experimentally introduced fresh branches the Bank protection against erosion (3) Reduction in shear stress and ship-induced disturbances (5) Nutrient regulation Cross-boundary subsidy and a large pool of nutrients (1, 2, 13)
Contribution to carbon sequestration (1, 2, 13)
Contribution to the productivity of algae (6, 7, 8) , invertebrates (7, 9) and fish (10, 11, 12) Supporting habitat Habitat for terrestrial plants and animals (13); algae (7, 8, 14, 15) ; invertebrates (7, 9, 14, 15, 16, 21, 23) ; fish (10, 11, 12, (17) (18) (19) (20) (21) (22) (23) (24) (25) Spawning habitat (11, 23, 25) Transport of species by floating CWD across littoral zones (13) Food Decaying wood as a source of organic matter for detritivores (4) Consumption of epixylic algae by invertebrates (26) Consumption of epixylic bacteria and fungi by invertebrates (26) Invertebrates colonizing CWD as a food base for fish (9, 11, 18, 27) Genetic resources Sites with high densities of CWD increase diversity of invertebrates and fish (21) Greater diversity of fish among more complex branched CWD (19) High diversity of invertebrates on decayed wood (7, 14)
Domination of xylophagous taxa on decayed wood (14) Provision of shelters Refuge for invertebrates (9) and fish (11, 18, 20, 22, 23) (1) Guyette et al. (2002) ( 2 concentration of chlorophyll a on their surfaces was almost three times lower than on CWD submerged in lakes. Similarly, the restoration of epixylic taxa colonizing highly decayed wood could be expected in the longer term. Experiments conducted in streams, where the addition of CWD has been widely applied, did not provide satisfactory results either. The introduced wood was often rapidly colonized by algae and invertebrates (Drury & Kelso, 2000; Bond et al., 2006) , and attracted many fish species (Flebbe, 1999; Howell et al., 2012) ; however, in many studies the enhancement of habitat heterogeneity did not significantly increase the biodiversity of invertebrates and fish (Palmer et al., 2010) . The reasons for the failure of these restoration projects still remain unclear; however, the review by Palmer et al. (2010) suggests that different biota can respond variously to increased habitat heterogeneity. Moreover, other factors such as water quality, connectivity between habitats and riparian conditions can strongly determine the final effects of habitat manipulation.
As reversing negative consequences of wood removal for lake communities and food web functioning is a long-lasting, complex process, special attention should be paid to the conservation of aquatic CWD and terrestrial vegetation. The maintenance of intact forests or planting native riparian trees, which provide CWD and submerged roots, as well as the sustainability of adequate amounts of wood in various stages of decay could potentially promote biodiversity and increase productivity in the littoral zone (Newbrey et al., 2005; Sass et al., 2006a; Smokorowski et al., 2006; Brauns et al., 2011) . However, more detailed studies are still needed to establish the threshold at which an increase in the CWD density or complexity exerts positive effects on littoral biota. This should be combined with development of the consistent approach to measuring the complexity of CWD. Moreover, as local extinctions and reductions in biodiversity are rather a consequence of habitat fragmentation and decreased connectivity between species than just a function of net remaining habitat (Dobson et al., 2006) , recognizing how the spatial arrangement of CWD influences biodiversity and connectivity between littoral populations, as well as predator-prey interactions, could be crucial for setting environmental goals. Such knowledge could also contribute to a reduction in emerging conflicts between the maintenance of high CWD densities in littoral zones and using lakes for navigation and recreational activities. Management strategies should be adapted to local conditions, regarding factors affecting the density, turnover and distribution of the littoral CWD, such as riparian land-use intensity, type of forest and lake morphometry. For instance, to ensure stocks of CWD above the minimum observed in undeveloped lakes, the building density should be defined regionally, as in various regions the lowest levels of CWD occur at different residential densities ranging from 12 to 20 buildings km -1 (Francis & Schindler, 2006; Marburg et al., 2006) . Given the high variability in CWD stocks and their distribution among lakes, more detailed studies are still needed to understand which combinations of factors typically control this variation in temperate lakes (Marburg et al., 2009) . Finally, systematic large-scale research involving lakes dominated by different types of forest could clarify the contribution of littoral CWD to carbon sequestration and nutrient fluxes, especially in the face of changing climate and other human-induced disturbances.
